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ABSTRACT 

A centrifuge was used to provide chronic acceleration in 'order to 
study the nutation of six-day. old sunflower hypocoty Is at 1 to 20 
times ‘normal gravity (g). At the upper end of the g-range nutational 
movement was impeded and at times erratic evidently because the weight - 
of the cotyledons exceeded " the ’ support Ive abilities of the hypocoty 1 s . . 

Over the ‘.range from I to 4 9 g the period of nutation was ’ independent 
of the resultant g-force. That' finding is interpreted as evidence that 
the geotropic response time n- r.e. , the time needed for growth hormone 
transport fr.onrthe region of g^senstng to the region. of bending response — 
was not influenced, significantly by substantial increments of the gHevel, 
since geotropic, response time. ?s related to the period'O.f nutation. 

Over the same g-range . the amplitude of nutation increased slightly 

with Increasing gHevel. That finding was' inconsistent with a mode? 

. ■ • .1 

which has been' used to : account for nutat Son as a geotropic response with 
overshoot (l -e. , restoration of the plant's vertical alignment which- continues 
beyond the plumb line) for it assumes the' rate of hypocoty! response to. ' , 
displacement from the plumb line to be determined by the product of the 
g-force and the sine of the angle of d i spl ac'ement .. 'The predicted relationship 
would be a strongly decreasing amplitude of nutation with Increase in g . • 

We can retain the geot rop ic-response-wi th -overshoot concept to account 
for the kinetics of nutat ion' on iy if we employ a model for which the 
geotropic response is essentially independent of g. -Ini the range we tested. 

A model which would be consistent wi th our results is one which 
makes geotropism a response to the direction of the g-vector but Independent 
o.f its magnitude at least above soma threshold value probably well below 
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unit g. V/e suggest in- principle that the sed imentat ion of statoliths 
in response ‘ to ' a g-st imu) us " ] eads to their positioning within the statocytes 
which is critical but that after sed imentat ion ' has been accomplished the 
force on the statol i tbs : themsei ves or ..on.:. the cel lu 1 a r ' structures which 
suppor t • them is not of consequence. ' A model whi ch operates on 'this 
principle can' be used to -derive the kinetics of nutation which would be 
consistent with our results. 



INTRODUCTION 


Various seedlings including many species of climbing vines execute 
growth movements which are collectively referred, to as nutations. These 
remarkable movements, nearly . always too slow' to be appreciated in real 
time, are generally periodic, are -sometimes patently adaptive.- - as in - 
the case. of a tendril f, seekjng M -.a support around, wh ich .to twine but in 
more numerous . examples are. wl thcut ■ ev ident advantage to the developing plant. 

By nutat ional. movements the shoot apex describes an. elliptical '(often 
circular) path around the vertical axis of the plant. As . the shoot' i s 
elongating the locus of its apex is a helix 'which often may be somewhat 
irregular. .'.’In the seedl ing stage the principal region of growth by extension 
arid of nutation usually is the hypocoty 1 ; • 1 ater otv movements of the epicotyl 
are chiefly responsible for nutation. Darwin (. 1 ) '.referred to these 
movements as;'c I rcumnu tat ion , considered their 1 kinetics ' to be endogenously 


directed, and believed that such movements must underlie the important 
phenomenon ' ^ geo trop ism. " 

Perhaps the most interesting' scientific aspect of plant nutations! 
behavior is the mechanism responsible for the -movements which, although 
they represent, more or less regular oscillations, seem -to have little in 
common with the well known endogenous circadian movements' of - leaves. The 
period of nutation generally is about an order of magnitude less than that 
of circadian leaf movement and it should also be noted that temperature, \ 
which has little influence on most circadian phenomena, exerts a major 
effect on the period of nutation (10 ). 

Darwin, among others, felt that the nutat'lonal pattern was a subtle 


ORIGINAL PAGE IS 
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property of the plant which defies attempts to explain If in simple 
mechanistic terms. Heathcote. is the most recent author; to marshall 
experimental evidence in support of an inborn tendency for more or less 
helical motion of a portion of -the shoot" ( 3?4,5>& ). 'Although some 
of his arguments are persuasive,' we .must acknowlege that to dismiss nutation 
as a. chiefly endogenous phenomenon " i s . tantamount . to admitting that we are 
not yet wise enough to explain; its mechanism. r v • • 

Some physiologists - and biophysicists have considered nutat ion - from 
a d if ferent :vi ewpolnt :and have sought to account for’ the characteristics 
of nutational motion by the assumpt Ion that it' Is a rather simple 
consequence of a continuous success ion -of geotropi'c - stimulat Ions and 
responses. - . : It: i s' wel'l known that an appreciable time lag occurs -- before 
a geotrop ic . response becomes manifest.. 'Jn consequence, the response can 
be expected . to overshoot to - some extent. - ' If, through - nutat iona I bending, 
the shoot becomes Inclined away - from the'-plumb-.l ine, geotropic response 
with some overshoot would tend to orient It later beyond the plumb line 
in the opposite direction. Intthe simplest case, with movement confined 
in one vertical plane, the osc i 1 1 a t ion coul d be expected -to simulate 
that of an inverted pendulum. Of course some response ' amp] i float ion 
must occur; otherwise the oscillations would damp out*. 

jf there is also another component of oscillation in .a -second plane, 
say at right angles to. the first, than motion of. the shoot tip. could 
approximate . an ellipse whose shape will depend on the relative magnitudes 
of the two components. 

Gradmann (2.) was among the first to . a t t r 1 bu te plant nutation to 
such geotropic "hunting 1 '. Recently Johnsson and coworkers have provided 

0 'IGINAL PAGE IS 
W POOR QUALITY, 
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more extensive, carefully controled, experimental studies and more 
rigorous analyses both of the problem. and of their data {. 7,3>lO )- 
Johnsson and his colleagues strongly supported the geotropic-response- 
wlth-overshoot mechanism with. which many of their results were consistent. 
Nevertheless it would-be fair to say that the question of the basic 
mechanism of -nutation” rema i-ns moot. Relevant literature has-been"' 
rev iewed by :'l srael sson and,. Johnsson C'7 ) . 

In recent years the geotropic hunting concept has. been tested by 
Johnsson and others working especially with seedlings of Avena and 
Hel I anthus . -They. found that many of. the properties of nutat ion’, (per iod , 
ampl itude, temperature dependence , susceptibility to ..entra lament , and 
response to the hor Izontal '-'cl inostat) could be-accounted for quant i tat ively 
in terms of a. rather simple exp] Ic 1 1 model (7 )-whichhas been refined . 
mathematical ly to improve the pred ict ive accuracy of . thei r model which, , 
for convenience, we shall refer to as the "geotropJc overshoot model* 1 . 

On the other hand the "endogenous program model" has not been abandoned 
universally. Over the past decade Heathcote ( 3 ,5»& ) working chiefly 
with Phaseolus , has persisted in bringing forth evidence difficult to 
reconcile with the geotropic overshoot model, which mostly by implication 
(or by • defaul t) ■ favors an endogenous mechan ism wh ich specifies properties 
of nutat ional behavior. 

A particular weakness in the quantitative argument -which supports 
the geotrop ic .overshoo t model is that 'it has not been tested' over a wide 
range of variables which possibly are relevant. The innate biological 
components of the mechanism (gravity sensing,' st imul us :transduct ion , 
auxin synthesis and transport to produce a laterally asymmetrical hormone 
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concent rat ion , and the differential elongation of the hypocotyl ) are 
difficult to manipulate experimentally. They have beers ‘taken as given. 

In fact the only var iab.1 es tested by Johnsson and coworkers have been 
temperature (77) and the direction of the gray 1 tat iona I vector (TO) — 
i-.e.j the influence. of rotation on the . hor i zontal clinostat, and of 
discontinuous geost Imul at Ion (lo). •; 

A factor which could be. critical jn-the appUcat ion of the .geotropic 
overshoot model. Is the magnitude of the .gravi'tat iona I accel eration ; .howeve 
no reports :have appeared on the effects of .making the g-force a -variable 
as 'mi ght be accompl i shed wi th a centr i fuge .to provide resultant g-forces 
in excess, of 1 g or in a satellite to acb ieve .approximately . zero. g or, by 
a combination of botfvmethods , -to explore the range between zero and unit g 
The purpose of the present contribution is to examine the kinetics of 
sunflower nutation in' centrifugal, force fields over an appreciable range 
of g. The. rationale for our exper i men ts • was - . based oncertain quantitative 
predictions which devolve from the geotropic overshoot raodel.f ' 

1 srael sson ..and :John5son (7 "O found that they could describe the 
period and . rel at ive ampl i tude of nutat ion' 1 by :an equation which contained 
only one biologically derived term, : the response t ime for .a plant's 
geotropic reaction after it had been displaced from the vertical position. 
According to the geotropic overshoot model, the geotropic stimulus, $, ' 
is assumed to be approx imatel y: proport iona 1 ' to the plant organ's angular 
dev i at ion, cC ,-f rom the plumb line,. at least for small angles. It 
often Is assumed to.be proportional to sinX as was stated explicitly 
by Israelsson and . Johnss.on ( j). It should.be understood that those 
authors did not consider an acceleration level other than normal gravity 
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so that the unit value of g was implicit in the proport Iona 1 i ty constant 
Since in our studies we have made g.a variable,, We separate it from 
the constant and include it as an explicit term. jn the equation relating 
the 'geotropic stimulus, . S, . to ' the - pi ant 1 s angular d 1 splacement .from 
the plumb 1 Sne. .( Vide , infra , Equation f, page 20. 5 The bend i ng response 
.in turn is assumed .to. .’proceed' at -a rate proportional to S. However, 
because of a substant i a 1 :t Ime lag --r .20 .min . to l hou r depending' on the 
temperature the rate. of bending."is largely determined by .the stimulus 
which had :been perceived .at an. earlier time. Formally this approximate 
relationship may be expressed by the equation. 



were g Is the gravitational or other chron ic -accel erat ion and 
denotes the geotr.opic response time lag. 

Israelsson and Johnsson ( J ) presented'-equat ion . (a) as a simpl i f icat ion 
of what they . cons idered a more exact formulation of the model. The 
difference for presen ttpur poses Is not. cr i t teal ; therefore, for illustration 
we shal 1 use the simpler approximat ion* 

it is important to realize that . the-.accel erat ion :term, g, . in .equation 
(a) i 5 ident i f ied as such and ' Is -not made part of the pro port Iona 1 i ty 
constant,- k, as was done ..by. Israel sson .and Johnsson since they did not 
consider the consequences’ of cond i t ions other' than unit g. To describe 
the course .of nutationai movement they made the assumption that the 
oscillations must be sinusoidal., in a given plane and in the 2-d imens lonal 
case must describe an ellipse for which the period of oscillation, T, 
should be related to the value of in the simplest case , 



9 


T = -4 t 


(b) 


As pointed out by Israelsson and Johnsson (7) the constant in Equation 
(b) in the simplest case should be a. minimal value of 4 but In theory 
it. could assume .certa in larger values, - For present purposes it is only' 
important to note that the period’ of nutation is a function of 
and may be expected to. be constant i f does not change.” . 

1 1 Is significant for .present purposes to note. -that (and therefore 

T also) may be assumed ‘to be ■ Independent of the g-IeveK In physiological 
terms this .suggests that the rate of hormone transport to the region of 
rapid growth of the bypocoty) should not.be importantly dependent on g 
and, 'If it is not,, that the nutatlonal period, T, should be approximately 
the same at all g-levels at least those substant ? a 1 ly above zero. If 
T, and -therefore , does not’ vary with g, the rate of bending for any 
particular value of must be essentially the same regardless of g. 
Therefore, from equation ta) it Is evident that at all times sine* must 
be rec jprocal ly : related to g. : It follows that sinc< should vary with 
1/g which means that the amplitude of nutational movement should be strong]} 
Influenced by the g-level. . 

in the present study we have manipulated the g-level' by. protracted 
centrifugation. We have measured the period and amplitude of nutation 
in' sunflower hypoootyl s over' a; 20-fold range of g-level's in order to 
test experimentally the two predictions noted above, viz. 


lc) 


Sine^ — constant 


!U) 
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MATERIALS AND METHODS 


The chosen test species was a dwarf -sunflower, . Hel ianthus annuus 
L- , v.ar, “Teddy Bear* 1 . The seed. was obta ined f rom W. Atlee Burpee Co., 
Philadelphia... Seeds were soaked .overnight and -planted in peat pellets 
obtained f torn J 1 ffy . Pot Ltd Grorud , ..Norway or i n a . so il -type planting 
mixture . (Burpee.. Plant jng ..Formu 1 a #3^1 1 ”0) . 1 Seed l ing. age Was calcul a ted 
in hours from the time of . soaking.- At the time plant s were sel ected for 
photograph ic observat ion they were wel 3 watered and usually the', soi l or 
peat: pellets were covered . wj th. Saran Wrap to ensure that the plant's water 
supply woul d . be sufficient .> for the .anticipated duration of .the exper iment . 

.'..'Those tests which required that the plants be subjected -to chronic 
acceleration were performed' on the NASA-UCSC Botan 3 cal Centrifuge at the. 

University City Science Center, Philadelphia’. The centrifuge rotation 

• - i. . ... 

rate was establ ished .'in relation' to the subject's location along’the . 
centrifuge- radius to produce the des i red . g-1 evel which was’ maintained well 
within *' 5% at any given point'-wi thin the centrifuge payload. Seedlings 
were located on .board' the ' centr'ifuge asiclose as 125 cm to the axis of 
rotation, in other cases "as far as ■ 3^0 cm : f rom the axis. PI ants ‘were 
supported in swinging cradles so that the resultant of centr i f uga 1 and 
grav i tat ional forces always was exper I enced :.by .each plant parallel with 
its longitudinal axis. Dur ing .'observat ion on' the effects of : increased 
g-1 evel s on nutat ional behavior of a set of plants, .the centrifuge operated 
continuously at the chosen r.p.rn. without any interruption.' 

All experiments were performed at a nominal temperature of 2A° C. 

The test plants were enclosed in a plexiglass housing which served as a 

raiftTNAL PAGE IS 
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wind screen. In many expsr Iments . tempera tune was monitored continuously 
by a therm) stor . probe, inside - the.'-hous I ng. 'near . the plant . Ventilation 
■ hoi es were . prov ided in the : pi ax I glass' .hous ing and temperature regulation 
AV/as:.: ma inta ined: by -air cond i Lion ing'. ofv.thef cent ri fuge rotunda :a ir space. 


i any ... pa r tf cuiarrrtes t heft era per a tureivar led \ no , more', t ban "Ir d eg r ee . 

• . ; ; V*#.* ..W- • v - <■' •• ~ '• ' ’’ '? f‘-\ . * • 

$./? '* * * v . * ■ c.;y V - - t ' ‘ ,f ;• •<. O •• * . ‘ “*«' ’ \^0 L " * ' •i-i,:-.'- . .- ’ 

!o pe pa t U*r.e pffo v, ; a’ t* l test sf /were; 22^C<top-2*5 v.V 


: ^Sj^^yTest. planisiwefe:^ "continuously.. -from" above - byfSy.tvan fa 

•: ^ W i d e "S pec t rum .. Gy of Lu x - f i uo r e s c en t ;;i a nip si a t a n : \ n it en s 1 ty: of .175 5 -foot • 

V v candles. /. . ' f h e ; - li g h t z i m p i n g i n g c on*; t h ei- p la n tsb wa s t hu s ; d i rec t to na l . a n d in 
V choosing -this':, met hod of i llural nation :we:: were aware that ; it :coutd affect 
-‘tthe kinetics .off nu tat ton v * Neverthel essfouY test plants were .not' ' 

'■^.etiolated . . . The i r . growth rate was reproducible :but* - less than .that' of', • • 

the- seel mgs .elongating. in' darkness.' The amp 1 itude of their nutation 
i'fi was less t than has been found for .plants’ grawh in whi te - light of very low- . 
•V -- intensity or in darkness. -.However. our principal interest was 1 to standardize 
; on:a:set of experimental conditions and’to examine the effects of only f 


y..V' the one variable, the magnitude of the vg-rforce. vector We be 1 leva that' •• . 

’ .' the. use of white 1 t ght at constant-intensity throughout seedling development' 
and during nutational measurements had" but~a minor ' effect on' the g-function 

• 'ofrthose properties of nutation" in which we were' interested'.- *::* ‘ ' •/ 

Light intensities were * mon i tored atrthe beg inn ing andrend of each test--'’ 
run'using a -laboratory standard G . E. Nov '2 1 3 -1 ight meter.-,''- v-. v yr 

information on hypocotyl or ien tat ion '-.was obta ined wi th -video . cameras. 

The image of each seedling under observation was displayed on a TV 
monitor (or stored on video tape for later d i splay) - for. a few seconds 
every iO min. or In somes tests every 15 min. The images on the monitor- 
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were photographed with an Acme Model & processing camera, (Photo-son ics 
'■'Inc.', Burbank,' Ca 1 if.) so that:a:permenanf record was obtained, on- 1 6 mm 
■ movie film which' thus became" a time : lapse aversion of nutations*] 'movements-. 
••'•■"■^^\appropr i ate - f rame indexing'. the ' time at* which each video' image, was,- 
/i^l^’ecdrded': was ::eas H y ;:d.atfirraf h-ed^Ti cfcrf'.n'^mb'S^ thi s :-was confirmed- by " - 
}V<r|pptc1 ud. i.hg " "a" "2k ~ ho u r. 'About ronfwa t c ht i hr'’the v .f i eld t of vi ew "o f "orreho fi; t he / w 

.. • ‘w- ■ . ■- ^*w ,5 1 ¥' ■■•■, ; f 

*** " f |TV* camera s ."'The or i gthaitA/i d'e^infofma^rohjtwas vtransm ttted rby^ca bie f rom 

i v cent ri f tig e- . pay 1 oad through- si ip rings to the tape recorder* ;and:;^ 

V T ; : "T ^ ^ v' : - ^ 1' * 1 '* — A v v '• ' ' ■•/• 

For superf icial inspection*' of J the xourse of nutat ion' theifTfin ; . record 
be projected .at. 12 “frames' per sec speed which displayed ‘.movements .. 
’'5h;a^fronr : 7 ; ;200;'to . 10,800 times actual' speed 'A : preci se description" of 
vf%ithe kinet icsvof nutation 'wasnobtained^by-.reading thex:f iim:. frame -by frame.' 

:ilSpnT*a; Vanguard 1 - Mo Irion. Analyzer linked : to :anvl BM card punch machine" so that:': 

/ ’;- v • i r \- ’ "■ •" ' ' '' ■ v : • ■ •' *■*'■■■;'■ ■' ;•>. • .. 

irf©the coord'i nates”of, ■ reference ;po I n ts on' 'the. .p l/ants and on " their; backgrounds 

: ^^w.ere t ran sfe'red * to I BM cards for subsequent' processing by the UCSC- I BM V” 

Computer*, Model . 360/75* ‘ • • - r : "T- 

; In preliminary tests the movements of hypocotyls was computer plotted 


to produce an essentially s inuso idal "t ime course of nutation*for : *each 
seedling. Rel evant . compar i sons were made from such records in order to 
'standardize;, test procedures'.' i;. v ‘ 
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PRELIMINARY OBSERVATIONS 


Once seed! ings . were old enough to beg in nutating we found the 
kinetics of nutation, to: be influenced both by the g- level, and by -seed! ing •■•• 
• ' ■ - ; X; a g eTa s y s hownn i nsJ^gs^ pfonj-’meri t onl y a t~ higher- -g-1 evel s-< 

'i T(18^20g/,L Only one'ot two plants were; observed / for: each: tes ti-cbnd rt ion 

the 



; T -f S'? V •' ,?”Lr V?. , ..... . .. . 

' Tv-., resul ts 1 . were . suf f iciently^cdnsi s t en frto.rr nd Tea tera ny “gro'ssr: trend's^ 1 nr: * 

V : ;v,. / T7! Tf . \ 

; Tf eittier': pa rameteriwrth Vine reas frig-: plan ti'age.'r At; - some-. 1 evel I in "excess' of 

about: lb g; the mag.n i tude of "the force vector - ' was"' found ' to- exert^a -.pronounced 
.. effect; on nutation, especlally-ih olderf plants'. The .trends*: shown - " tn Fig. 1 
' '.Twererdramat icbll yf evident 'When the' t Ime 'lapse records were! projected for .1 

• : normal / v tew S ng "a t ; a frame , rate of 12 sect.*" 1 . i t was apparentrtha;t : mec.han i ca 
- : stress on the. older and larger plants was beginning to overcome-' the ability 

• of the hypocotyl to . ra i se the. coty l edonsraga Insf' the-'l arge;vector force.. • . 
••’.'•‘•'.In -consequence, the amplitude of .nutation increased unt i 1" the~cotyi edons - '* 

rested' on. the substratum- for : at' 1 eastrpartrof ‘ the time which-.caosed~the 
. period r to I engthen;'untfli nutation- ceased ..vtSuch changes -were 'erratic and 
' represented': the -rel at I vel y uninteresting condition of extreme mechanical 
stress interfering, with' the -progress ^of nutation. 

•' -T From these and .other -preliminary tests we selected b-day old seed! ings : 
for a J 3 subsequent experiments. - 







; Fig. 




Preliminary observations on the nu tat iona )• responses of 


plants at different ages to increased g-forces. Upper graph, 
relation between- the period of nutation and plant age. Lower 
graph, re! at ion "between ampl I tude. (extremes .of nutational 
. oscij 1 at ion) and plant age... 


Fac i ng Page \k 
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RESULTS AND DISCUSSION 


Data shown in Tabl e I .were col I acted as ..described ‘.on 52 six-day 
'Ho id'.: seed 1 : i ng si at . a : , n urafaemof 1 evei's:.- f rom.rl .0" to 20 *g ' F° r. ea c h ~ t es t 



^obtamecl f-ronr. otherTplan tsi^posedt.to^t^he'rsame grieve l ; : 'mi -ei-ther^t ne^saroe' ;/_i; 
Sno th e r . ex p e riraentHr-JS I nee f o r ;ex amp'Le v : 4 ‘.plan ts~we re • ob served- -at-’ /" . 

AW- ' 

g isk' ;va 1 ues wereiobta Inedh-for- t he * period tof : nu tat ion *atr. tha t“:g,-Teve1 

vrL T • ^v.v .... 'V ' ' .' .r . i . . ; : '* V. 

^|l|nd :;; these' were averagecOto provide the appropriate entry ; ,in'*>the d'per iod“ 

t.e ;: 3:V^ cal culation of a: standard ; . H;'.;; 

this case-h' was considered to be only 4 (not 4 x 5 = 20) ; therefore 
the. calculat ion- was conserva t:i ve ; ;• ' - ' . A ’ : * ' . ■ \ : ^ V s : : ' •• • ;* 




5’freported in. Table 1 apply to : only "one or 


"■k: c 


Som e o f '"the ;rneasu r em en ts : i'r epo r 
wo-' 1 test ' plant sU We*. found "the : plan tpto ' plant var ia t:i on to: be rel a t i vely : = \ $* 
?JS:1aTqe-t ;; t he ref o r e Tweed ec i d ed 5arbi trariT;.y^tor T-imi t the ? anal ysisTof our ■ . '. 

sT't o '* those; data for 1 wh ich ; : a t'-;l east .three . repV i cate 'seedVf'ngS;. Were ^ 

measured a.t.vthe : - same/ g-exposure There were. '4i such -testfpl ants- observed. -T; 
;V : >" a tr seven .d.if.f eren ti g- l evel s vhetween-rlTOrand^S.;! ;' :. iT , Vhiv . ; / -j 

V-; :• p j:g i... 2:‘showsltheTef f eet's “of ' : ig -lev el ^variat ion . on ' thevper iodrof : nutation 
■' '.'It is’ evident that the -per tod - wa s nofsignl f icantly .g-dependent over a ' 
'9-fold range. If, ‘as theory requ ires , .the nutatiohal period is. related 
to the time needed:; for. -growth hormone, transport to. establish an- asymmetric 
hormone concentration at the region of; bending (Equation b) , the result 
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table i. Measurements of mutational 

AMPLITUDE ^ 1 AND PERIOD ■ ^ OF FIFTY TWO 
HEUANTHUS SEEDLINGS CONTINUOUSLY 
.EXPOSED TO ACCELERATION ' 


g-1 evel 

number of 
seedlings 

ampl i tude ^ ^ of 
nutat ion , degrees 

. , (2) . ■ 
period of . • 

nutation , min . 

1.0 ' . 1 

8 

(3) 

13.73 + 4.24 

16522 + 9.7 (3) 

2-9 

2 

9:35 1 .42 

. 160,0 +10.0 

3.0- ' 

3 

14.21 + 1 .62 

185.0' + 44.2 

3*7 

4 

13.31+2.76 

153.0 + 3-1 

4.1 

8 

13-99+2.65 

159-8 + 14.2 

5.0 

4 

14.82 + 2.57 - 

165.5 + 6.1 

6.5 

6 

22.00 + 4.35 

205.8 + 25.4 

7-3 

" 1 

16.48 

144,00 v " 

8.7 

2 

13.60 +0.37 

154.0 + 10.0 

9.1 

8 

17.95 + 4.46 
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1 

14.49 

1 56.00 
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1 
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224.00 

16.0 

1 

18.07 "• 

162.00 "• . 

1 8 .0 

2 

26.25 1-0.85 

145.5 + 16.5 

20,0 

' ‘ ' 1 

.41.95 

282.00 


Amplitude i.s the maximal change in angle of the hypocotyl axis from one. 
extreme to the other in any cycle. 


( 2 ) 

(3) 


Period is the time for a complete nu tat ional cycle. 
Standard errors were calculated according to the formula. 


if 
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Fig* ;2 



Relation between the' period of nutation and the g-force. ■ 
All plants were 6 days old. Pi otted • points are mean -values. 
Vertical bars represent 1 standard"'error from the mean. 
Dashed line is' the regression line fitted by 'the method of 
least squares. ' . 
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seen in Fig. 2. is evidence that the transport process remains essentially 

unaffected . by chronic acceleration at least over a 3 l0,d r »nge g 

Figure 3 shows the effects of g-level variation on the amplitude of 
nutation. The sol id line plotted on the same coordinates is a theoretical 
curve derived from; Equation- (d) under conditions for which g is varied. 

The constant in Equation (d) takes, the value of the sine of -^(the 
maximal departure .from the plumb line) .at unit g- For the data set rep 
■ here the amplitude of nutation as.we have defined it would ber.tw.ice c* ^ 
The factor .2 of course was taken into account in establ ishing the predicted 
amplitude shown by the solid line. The implied prediction was- patently 
not fulfilled. Accordingly, the geotropic overshoot model must be incorrect 
or at least incomplete since it failed to. predict the kinetics of sunflower 
nutation when the g-level was increased substantially above its normal 


value. 










20 


INTERPRETATIONS 


The basic assumptions, expressed in mathematical' terms, which we 
Identified with the geotroplc overshoot model were the following 



• 'i 


It--' was* a combination of Equations (f ) :andr (g*) which ledusto the simplified, 
summary Equation (a) which is fundamental 'to the model We are not 
Inci ined to .d istrust" Equat ion ‘ (e) on conceptual '.grounds :and 'we‘ see - no reason 
why~*tyv should be grdependent Moreover, since our experimental results 
showed,! to be independent of g we have an add it ionai reason 'to believe 
hormone transport to be not significantly affected by elevated g -viz.; 
kj- constant. " ’ 

Equation (g)' simply states the concept^that the rate of-geotropic 
response shoujd'be proportions I" to the’ s t imu 1 us but It also acknowledges 

that a response lag or geotropic reaction t ime } ex i sts ' 

Equation (t) , however, embodies several implications which, although 
mathematically reasonable, may be quest i one.d" on phys iolog ?ca 1: "grounds . • 

The use of a product, g x sin o»C , to describe the Intensity of an 





acceleration stimulus is gratuitous. If we‘ consider what may be actually 
happening as the plant's accelerometers are stimulated by disorientation 
'from the plumb line, it is quite reasonable to. use some version '.of a 
statolith mechanism to give substance to. the argument.- However, the 
exact ..model ' of 'Statol I th action Is moot.- In pr inc i pi s’ there are three 
waysr the : s ta to 1 i t h may - be functioning,.' It could act during- sedimen tat ion , - 
•or; after, the end. of i ts travel t hrough ft he. cy top! a sm/e i ther rby •. mechan 1 ca V 
' pressure against that part . of the ’cytopi asm/ or membrane which supports it, 
or because of- its intracellular posi trfonv t / 

■ It seems unlike! y al though perhaps not imposs i b] e that^ the statol i th 

could function during sedimentation in response, to-'an at ter ed"‘g -vector . 
There' is a measurable';presentat ion' time- requl red for a geotroplc 'response 
to beJei ic 1 ted , :a time which closely corresponds to the. period- required for 
the sedimentation of- amyloplasts: inv the : ceil S of the most ;sensi t ive 
tissues. Therefore only after sedimentation can we expect the statoliths • 

to-be. effective. ' • ■ •' . . 

jf the g-sensor is in fact a membrane pressure sensor; , we:, should 
expect that its function wou 1 d:.. depend not" on 1 y "on the direction- of the 
g -vector but". on its magnitude as wel l v .v In' that" case - Equat ion'. (f) '/might 
be- cons id ered a reasonabi e -approximation. / Since we found' the nutatlonal 
response to increased g’-force- was- small-' and- even of the wrong* sign (cf . 

Pig 3)-, we are:d i s-jpcI ined'-to 1 credi t 'the'concept of, a pressure sensor . 

We believe Equation Cf) must be unreal istic. • 

Evidently we should think in terms of a mechanism which relies on a 
g-dependsn t pr i nc ipl e • to account for the- reclproc i ty rule (8$],]) ?or 
minimal presentation time yet which employs a principle not dependent on 
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g to account for the intensity of the plant's response to a sufficient 
stimulus. A scheme which embodies both principles is a statol i thrmodel 
for which only the presence .. (i . e . , differential d I s tr i but ion) . of ’ sedimented 
particles, is important for generat ingra response to the act ion" of" the 
sensor. f;' The time- for' achieving some" critical ; red i str rbut ion -'of; statol i ths 
shoul-d: be g -depen dents (as has been"demonst rated exper imenta H y over a wide 
range :, ;of' g-1 evels) "yet the response eltc r ted should be essentially the 
same attal 1 tg-1 evel s adequate to induce' ; sed imentation;-- Sensing of~the 
q-vector d i recti orr . is accompl i shed -by f.the'-Test" pos i tron.uof * the statol 1 ths . 
For- a : g-vector parallel with the stem ax is-at ' the base of the feypocotyl 
the statolith position in the epicotyl region would be predicted by a 
sine function of "the: hypocotyl 1 s angl e : of di'spiacement'''fronr'-t he' plumb 1 ine, 
'but. the final pas i t ion of the" statol i th'would not depend‘on' the ma gn i tude 
off grh Accord ingly the . response .-- whether‘~a simple geotropic righting . 
reaction or a more complex nu tat Iona T~osc ill at ion should be essential 1 y 
independent- of -the. magn itude of - g ' (above some " threshold , of course) . 
Therefore, the .g .term. in Equation • (f) isrinappropr iate. ’ 

Our suggest ion . of : a sensor mechanism' which can detect the- d irect ion 
of; a g -vector but not ■ i ts .magn I tude .'is -not a novel one." However , "ours 
is perhaps the first report of a set "of experimental resul ts~ which" serve 
to ' rest'r ict the possible mode of -action of a plant’s' geotropic -sensor 1 
in this way:. Accordingly, we subscribe to ' the ; statol i th mode! just 1 1 
described in qualitative terms for it' predicts' a nutational "behavior 
consistent wi th the geotrop 5 c overshoot model. 

We note that. our exper i men-ta 1 results with respect to the period of 
nutation (Fig 2.) showasL^ j~eg ress ion line with-a slope near zero (1.5% 
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per g unit). The correlation coefficient was 0.21 and was statistically 
not" s ign i f i cant 1 y different from. zero- ( 'P > 5%)* 'However, the regression 
line (Fig. 3) which related amplitude to g-level had a 5% 'slope and in 
that:ca-se the correlation coefficient was. 0.39 which "was significantly • 
greater,' than zero •(.? near 1%). ..We musty therefore, "accept the ■fact 
that.our\-resul ts -imply a smalt. but' 1 s ign rf; leant" increase.of amp-1 itude with 
increasing g Th-i S' effect: was minor' butyfneverthel ess; lit- wou‘ld' , not‘ be 
pred icted by .'the model we have described-. :r. We can- accoun t:. .for~tbe. effect , 
if we apprec late . that" under increased grloading the elongating' hypocotyl 
is more J heav i 1 y stressed by the increased weight of ’ the cotyledons at the 
extremes- of" the oscillation. The effect -of - : this" would “ be. a sma’ Mr increase 
in angular d i splacement over what”wouTd r ' occur at' a l ower-g'"! eve! . Such an 
increment in" amp 1 i tude should have .nb effector at most" only ’a :, very slight 
influence on the* period 1 engthr There 'may -be other* reasons" for the- positive 
slope of. the regression line in Fig. 3 but we believe the factar'We 
mentioned, which has nothing d i recti y to do: wi th the action of the g-sensor, 
would ‘.be .qui te sufficient to explain the effect- 
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PLANS FOR FURTHER EXPERIMENTS 



As a consequence of our quantitative examination of sunflower 
nutat iohr we ! ‘ bel i eve ,i t would be useful -to test directly whether in a 
s imp) e /geot rop i c -response :or . right ing;' react ion the response t ime: (ad justed 
for; 'presenta t ion. time) -the velocity of the:. 'bending response 'and'* 'the 
amoun ts of- overshoot .will prove to : be Independent of 'the-g- level:'' 'used for 
stimulation and -that 7 the duration of 'g-sttmul ation rather- than- the intensity 
of g will be the .on ly" effect i-ve -determinant "of -"these- response-modes -- - all 
of which are predicted by '.the model we have favored to explain our 
results In the present report. 
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